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Ribozymes are huge complex biological catalysts composed of a combination of RNA 
and proteins. Nevertheless, there is a reduced number of small ribozymes, the self-
cleavage ribozymes, that are formed just by RNA and, apparently, they existed in cells of 
primitive biological systems. Unveiling the details of these “fossils” enzymes can 
contribute not only to the understanding of the origins of life but also to the development 
of new simplified artificial enzymes. A computational study of the reactivity of the pistol 
ribozyme carried out by means of classical MD simulations and QM/MM hybrid 
calculations is herein presented to clarify its catalytic mechanism. Analysis of the 
geometries along independent MD simulations with different protonation states of the 
active site basic species reveals that only the canonical system, with no additional 
protonation changes, renders reactive conformations. A change in the coordination sphere 
of the Mg2+ ion has been observed during the simulations, which allows proposing a 
mechanism to explain the unique mode of action of the pistol ribozyme by comparison 
with other ribozymes. The present results are at the center of the debate originated from 
recent experimental and theoretical studies on pistol ribozyme. 
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Enzymes are traditionally considered as made of proteins. Nevertheless, there is a small 
number of enzymes, called ribozymes, that are made from RNA. Most of the ribozymes 
are huge complex biological machines formed by a combination of RNA and proteins but 
there is a reduced number of much smaller ribozymes that are formed just by RNA. These 
are called the self-cleavage ribozymes because they catalyze the site-specific breaking of 
RNA by the nucleophilic attack of O2’ to the phosphorous atom thus provoking the 





Five different self-cleavage ribozymes have been discovered since 1986: hammerhead[1], 
hairpin[2], hepatitis delta virus (HDV)[3], Varkud satellite[4], and glmS[5]. More 
recently, four more self-cleavage ribozymes were reported in a short period of time: 
twister,[6] twister sister,[7] pistol[7], and hatchet.[7] It is believed that many self-cleaving 
ribozymes are still working in living organisms after several billions of years.[8]  
The catalytic activity of self-cleaving ribozymes has been explained based on four 
possible different factors:[9] () the appropriate in-line orientation of the 2’-oxygen 
nucleophile, phosphorus electrophile, and the 5’-oxygen leaving group in the active site; 
() the electrostatic neutralization of the negative charge of non-bridging phosphate 
oxygen atoms; () the deprotonation of the 2’-hydroxyl group by a base, i.e. the activation 
of the nucleophile; and () the neutralization and stabilization of the 5’-oxygen leaving 
group by an acid (see Scheme 1). Recently, the deprotonation of the 2’-hydroxyl group 
has been attributed to two different variations:[10,11,12] by forming a hydrogen bond 
interaction between species of the active site and the 2’-oxygen atom, thus increasing its 
acidity (’), or by forming hydrogen bond interactions between the non-bridging oxygen 
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atoms of the phosphate group with other groups different from the 2’-oxygen nucleophile 
thus favoring the transfer of the H2’ to another base of the active site (’’). More recently, 
primary, secondary and tertiary contributions have been defined for ,  and  factors.[13] 
 
A question of debate intrinsically connected to the different hypothesis proposed to 
explain the origin of catalysis of RNA-enzymes is the role assigned to the magnesium 
cations that have been identified in the cleavage site in some enzymes.[8] Some authors 
propose that the folded structure of the RNA itself contributes more to the catalytic 
function and that the divalent cations would play a structural role.[14] In contrast, other 
authors suggest that the catalysis in self-cleaving ribozymes is basically due to the role of 
the Mg2+ cations.[15,16] It seems that hairpin, VS, and twister use a guanine as a base 
and an adenine as an acid, although in the later the proton donor role is played by the N3 
atom and not by the N1 atom.[17,18] In the env22 twister ribozyme, X-ray diffraction 
structures show that both an invariant guanosine and a Mg2+ are directly coordinated to 
the non-bridging phosphate oxygens at the self-cleavage site.[19] Further theoretical 
studies on the twister ribozyme suggest that the general acid must be the Mg2+-bound 
water molecule.[20] Other theoretical studies have been also focused on the role of the 
cation in hammerhead[21] and glmS ribozymes.[22] 
Structures of pistol ribozymes have been recently disclosed from X-ray diffraction 
techniques,[23,24] biochemical analysis,[25] and atomic mutagenesis studies.[26] As 
discussed in some reviews,[27,28,29] the structures show how the G-U cleavage site 
adopts a splayed-apart conformation with in-line alignment of the O2’ nucleophile with 
the P-O5’ cleaving bond. The N1 atom of guanine G40 is properly positioned to act as a 
general base while the N3 and 2’-OH positions of adenine A32 are located to be a 
candidate for general acid catalyst. This, together with the activity detected in the A32G 
pistol ribozyme mutant suggested that purine-32 N3 is of crucial importance for the pistol 
ribozyme activity.[26] In addition, an increase of one pKa unit of A32 was measured,[23] 
and a second structure of the pistol ribozyme was solved with a guanine instead of an 
adenine in position 32.[24] Atom-specific mutagenesis showed that neither the N1 nor 
the N3 base positions of A32 must be involved in the catalytic process.[26]  
As mentioned above, a critical question of debate about the activity of the small 
ribozymes is the role of Mg2+ cations. The direct participation of the divalent metal ion 
are ambiguous.[25] An strategy of testing the role of the Mg2+ was based on the 
replacement of the nonbridging oxygens of the scissile phosphate by sulfur atoms, since 
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the S-Mg2+ interaction is much weaker than the O-Mg2+. This sulfur-containing pistol 
ribozyme showed a hinder activity,[25] which was interpreted to conclude that the pistol 
ribozyme does not require inner-sphere coordination of divalent cation for catalysis.[28]  
Interestingly, it has been stressed the similarity between the pistol ribozyme crystal 
structure[23] with recent crystal structures of hammerhead ribozyme at pH 8[16] and the 
structure of a hammerhead ribozyme transition state vanadate mimic.[30] Recently a new 
structure of the pistol ribozyme has been obtained and it has been compared to the 
structure of the hammerhead ribozyme. They present a high structural similitude but, 
while there is an agreement concerning the base, there is not regarding the acid that 
protonates the leaving group.[31] Finally, crystal structures of vanadate mimicking the 
transition state, and the products have been published.[32] 
Unfortunately, the crystal structure in the pistol, where the 2’-O nucleophile was 
substituted by a deoxy 2’-H, traps the ribozyme in a pre-catalytic state. Moreover, one 
has to consider the effect of the crystalline environment, as RNA structures can be 
influenced by crystal packing artifacts that are sensitive to crystallization conditions. 
Thus, X-ray crystal structures represent static pictures of a deactivated enzyme that is not 
the same as in a solution.[33] So, some discrepancies between biochemical studies and 
crystallographic data appear. Classical molecular dynamic (MD) simulations have been 
carried out to clarify this point.[34,35,36] 
The present paper represents, to our knowledge, the first theoretical study of the reactivity 
of the pistol ribozyme utilizing classical and QM/MM hybrid MD simulations. The 
reaction mechanism of the self-cleavage RNA reaction, with special attention to the role 







COMPUTATIONAL METHODS  
Model set up: The X-ray structure of the pistol ribozyme (PDB ID 5KTJ)[24] was used 
to build the model for our simulations. The self-cleaving pistol ribozyme can be found as 
a dimer in the PDB file, containing two pairs of chains, chains A and B, which were both 
selected along with the corresponding counterions. The dimer structure contained three 
types of counterions, five samarium (III) ions, six cobalt hexammine (III) complexes, and 
nine magnesium ions. All samarium (III) ions were substituted by magnesium ions and 
the cobalt hexammine (III) complexes were substituted by magnesium hexahydrate 
complexes, containing finally a total of twenty magnesium ions in the final model. Then, 
because the cleavage site of the pistol ribozyme is between G10 and U11, the crystal 
structure contains a non-cleavable modified dG base. In order to obtain a reactive form 
for this cleavage site, O2’ was modeled in place so the deoxyribose found in the X-ray 
structure was transformed into a ribose nucleotide. Afterwards, the tLEAP module of the 
AmberTools[37] package was used to add all missing hydrogen atoms at pH = 7.0. Three 
different models were initially established as a starting point for exploring the role of the 
residues close to the cleavage site, all of them solvated in a box of 72  73  79 Å3 
TIP3P[38] water molecules. In the first model, M1, the standard protonation state for all 
the nucleobases was set and 23 sodium counterions were added. The total system contains 
37672 atoms. The second model, M2, was set with the standard protonation state for all 
the nucleobases but guanine G40, which was parametrized as deprotonated in the N1 
atom, 24 sodium counterions were added, with a total of 37552 atoms. The third model, 
M3, was set as the M2 model, with guanine G40 deprotonated in the N1 nitrogen, and 
additionally, guanine G32 protonated in the N3 nitrogen atom. 23 sodium counterions 
were added, with a total of 37681 atoms. Parameters for Mg2+, were adapted from Villa 
and co-workers [39].  Parameters for guanine nucleobase deprotonated in N1, and guanine 
nucleobase protonated in N3 were obtained using the Antechamber software[40] as 
provided in Electronic Supplementary Material.  
NAMD[41] software was used to perform the molecular dynamics (MD) simulation, with 
AMBER force field ff99 [42] with the parmbsc0 [43] and parmχOL3 [44] dihedral 
modifications, supplemented by van der Waals parameters for phosphates[45] for 
modelling the ribozyme and TIP3P forcefield  for the  solvent and counterions. The 
simulation protocol was the same for all three systems. First, the models were minimised  
using conjugate gradient energy minimization of 100000 steps, and later gradually heated 
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up to 297K with 0.001K increments. Then 100ps of NPT equilibration was performed 
using the Nosé-Hoober Langevin piston[46] as implemented in NAMD for pressure 
control. Finally, 50ns of NVT production were performed. In all simulations periodic 
boundary conditions were used, the Langevin thermostat[47] was set as temperature 
control and the time step was 1 fs.  
QM/MM calculations. A fourth model was prepared for the QM/MM exploration. The 
protonation states of the different species in this new model are equivalent to those of the 
M1 model but, additionally, a water molecule originally coordinated to the Mg2+ was 
substituted by a hydroxide ion OH-, and a sodium counterion was added.  
After equilibrating the system as described above for the other models, a structure was 
chosen based on MD analysis, selecting an adequate reactive conformer for exploring the 
reaction path. In particular, the selected representative conformation from the equilibrated 
dynamics presents internal coordinates corresponding to a reactive conformation, taken 
into account the self-cleavage RNA reaction mechanism to be studied (see a discussion 
about the reactive conformation in next section). The system was simulated using a 
QM/MM potential, where the QM subsystem was composed of the ribose of guanine G10, 
the phosphate group of uracil U11, and the coordination sphere of the Mg2+ ion, 
containing a total of 54 atoms and 9 hydrogen link atoms where covalent bonds were cut 
in the QM-MM partition (Fig. 1). The QM subset of atoms was treated with the AM1d 
(Mg from AM1/d[48] and H, O, and P from AM1/d-PhoT [49]). The rest of the system 
was treated with the AMBER and TIP3P force fields for the ribozyme, counterions, and 
the solvent, as implemented in the fDYNAMO library.[50,51,52] Potential energy 
surfaces, PESs, for each chemical step, were obtained by grid scanning of selected 
distinguished reaction coordinates. Then, the stationary points were optimized by a 
micro-macro iteration method[53] at AM1d/MM level of theory. These structures were 
characterized by the matrix of second energy derivatives, and the minimum energy path 
(MEP) was finally computed as the intrinsic reaction coordinate (IRC) path. 
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Figure 1. Representation of the cleavage site of pistol ribozyme. The blue region contains 
the QM atoms. Black dots indicate the position of the quantum link atoms.  
 
Finally, the Nudge Elastic Band method (NEB) as implemented in QM3 [54] was used in 
order to obtain an additional description of MEP at a high level of theory, by using the 
M06-2X DFT functional [55] and the 6-31+G(d,p) basis set for treating the QM subset of 
atoms and the AMBER and TIP3P force fields respectively for treating the MM subset of 
atoms. From the starting structure, the proposed reaction products were constructed and 
localized. Then the NEB method was used, where a geometrical interpolation of the 
structures is performed followed by an optimization of the full path. Once the final MEP 
structures were obtained, the structure corresponding to the highest energy point was 
optimized by a micro-macro iteration method at M06-2X/MM level of theory and the 
MEP was recalculated by computing the IRC paths at the same level of theory.  
 
RESULTS AND DISCUSSION 
The present study has been divided into two stages. First, a deep insight into the time 
evolution of the structures of pistol ribozyme in aqueous solution has been carried out 
starting from the crystal X-ray structure by classical MD simulations. Different models 
were set up, as described in the previous section. A dynamic description of the systems 
will be then obtained. Second, after selecting the protonation state of the different species 
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of the active site in a proper reactive conformation, the self-cleavage RNA reaction will 
be explored by obtaining the potential energy profile from hybrid QM/MM simulations. 
Molecular Dynamics simulations. As explained in the previous section, three models 
were prepared to explore the possible starting point for the self-cleavage reaction: M1, 
where the protonation of the base was according to the canonical system with no 
additional protonation changes; M2, where the guanine G40 is deprotonated in N1 
position; and M3, where the guanine G40 is deprotonated in N1 and guanine G32 
protonated at the N3 position. The analysis of the geometries along the three 
unconstrained independent MD simulations will be used to test whether G40 and G32 
appear in a proper position to act as acid and base, as proposed in the literature from 
analysis of X-ray structures (see Introduction section).  
The time evolution of key geometrical variables along the 50 ns MD simulations starting 
from model M1 is shown in Fig. 2. The first interesting observation is the change of the 
inner sphere of the Mg2+ cation, initially interacting with N7 of G33 but after ca. 5 ns 
Mg2+ interacts with the proRP oxygen atom of the phosphate group (see Fig. 2a). The 
evolution of the distance between NH2-G40 that stabilizes the negative charge of this 
oxygen atom dramatically changes at this point, as observed in Fig. 2b. A similar change 
in the coordination of the Mg2+ from the crystal structure to the aqueous solution was 
detected by Gaines and York in MD simulations of twister ribozyme.[56] Apparently, 
this change is correlated with the evolution of other key geometrical variables presented 
in Fig. 2. Thus, the value of the O2’–P–O5’ angle noticeable increases at 5 ns, 
coincidently with the change in the coordination of the cation, and it then starts to oscillate 
up to values close to the linearity (see Fig. 2c). The evolution observed in the O2’–P–O5’ 
angle is also correlated with the O2’–P distance, depicted in Fig. 2d. This correlation can 
be analyzed with Fig. 2g; despite not-negligible oscillations are observed, the shortest 
distances between the O2’ and P atoms (ca. 3 Å) are achieved when the O2’–P–O5’ angle 
oscillates around 160 degrees. The definition of the limits of an “active” inline attack 
geometry was established by York and co-workers, as the one that has an O2′–P′O5′ angle 
of more than 125° and O2′–P distance of less than 3.5 Å [57]. This behavior is confirmed 
in previous studies of related models, where reactive conformations appear less often 
during MD simulations with the calculated probabilities not higher than 7.7% [57,58, 59]. 
Fig. 2e shows how N1G40–O2’ distance is perfectly equilibrated after 30 ns of the MD 
simulation. It is interesting to notice that this equilibrated configuration represents a 
geometry in which the hydrogen atom of the N1 position of G40 is pointing towards the 
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O2’ thus acting as a hydrogen bond donor, decreasing the pKa of the O2’. This role of 
G40 contrasts with the one that has been traditionally assigned. Thus, the fact that G40 
(N1 position) is a highly conserved residue in the crystal structures of pistol ribozyme has 
been associated with a role as a general base responsible for the abstraction of the proton 
from O2’.[23,24] Interestingly, our results and interpretation would be in agreement with 
the proposed catalytic strategy of small nucleolytic ribozymes coined as ’ by Bevilacqua 
and co-workers.[12] In a more recent nomenclature, this would be a referred to secondary 
(2°) γ catalysis.[13,35,60] The equilibrated conformation obtained from our MD 
simulations is also characterized by a strong hydrogen bond interaction between the 
hydrogen atom of O2’ and the proSP oxygen atom of the scissile phosphate, as observed 
in Fig. 2f. A snapshot from the last 10 ns of the MD simulation (see red dots in Fig. 2) 
that represents the commented features of a reactive conformation is presented in Fig. 3.  
 
Figure 2. Time evolution of key geometrical variables along the 50 ns MD simulations 
starting from model M1: a) Mg2+–O proRP distance; b) HNH2G40–O proRP; c) O2’–P–
O5’ angle; d) O2’–P distance; e) N1G40–O2’ distance; f) HO2’–O proSP distance. Panel 
“g” shows a correlation between the O2’–P–O5’ angle and the O2’–P distance on the 
population of structures obtain during the MD simulations. Axis in panel “g” represent 
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the limits of the active conformations, as explained in the text. Red dots correspond to the 




Figure 3. Representative snapshot of the equilibrated geometry of a reactive 
conformation (red dots in Fig. 2). Distances in Å, angle in degrees. 
 
The corresponding analysis of the MD simulations with the other two models, M2 and 
M3, clearly shows that different protonation states of guanine G40 and guanine G32 
render non-reactive conformations of the active site. In particular, the time evolution of 
the O2’–P–O5’ angle and the O2’–P distance in the M2 model does not show any 
improvement along the simulation (see Fig. 4). As shown in Fig. 4a, the coordination of 
the Mg2+ has already changed in the initial structure of the trajectory and it is already 
interacting with the proRP oxygen atom. This is confirmed by the long HNH2G40–O proRP 
distance (see Fig. 4b). While the initial structure shows both large angle and short distance 
(ca. 150 degrees and 3.3 Å, respectively) after 10 ns of the MD simulation the O2’–P 
distance oscillate around values close to 4 Å and the O2’–P–O5’ angle decreases to values 
around 135 degrees. This combination of values is clearly characterizing non-reactive 
conformations for the subsequent RNA cleavage (see Fig. 4f). Moreover, the distance 
between the N1 atom of G40 and the O2’ atom is always around 5 Å (see Fig. 4d), 
probably due to the electrostatic repulsion between the proSP and the proRP non-bridging 
oxygen atoms and the negatively charged G40. Thus, G40 cannot act as a base to abstract 
the proton from O2’. Finally, the O2’ atom is not activated in this M2 model, as it was in 
model M1, due to the lack of interaction with G40. As a consequence, the interaction 
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between the H atom of O2’ and the proSP non-bridging oxygen atom is not observed 
during the 50 ns of the MD simulation (see Fig. 4e). 
 
 
Figure 4. Time evolution of key geometrical variables along the 50 ns MD simulations 
starting from model M2: a) Mg2+–O proRP distance; b) HNH2G40–O proRP; c) O2’–P–
O5’ angle; d) O2’–P distance; e) N1G40–O2’ distance; f) HO2’–O proSP distance. Panel 
“g” shows a correlation between the O2’–P–O5’ angle and the O2’–P distance on the 
population of structures obtain during the MD simulation. Axis in panel “g” represent the 
limits of the active conformations, as explained in the text. Red dots correspond to the 
snapshot selected as reactive conformation. All distances in Å and the angle in degrees.  
 
The simulation with model M3 reveals that the hypothesis of having deprotonated 
guanine G40 and the protonated N3 of guanine G32 does not appear realistic. As observed 
in the time evolution of the key distances (see Fig. S1 of the Electronic Supplementary 
Material), G32 is dramatically displaced from the O5’ atom, thus precluding its possible 
role of improving the leaving group character of O5’ atom. This result is in agreement 
with mutational studies, as mentioned in the Introduction section. 
AM1d/MM results. Once explored the possible conformations of the reactants-like 
structures of the active site of the pistol ribozyme, the self-cleavage of RNA was first 
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studied based on an exploration of potential energy surfaces (PESs). At this point, since 
the previous MD simulations suggest that G40 cannot be deprotonated, the first question 
is elucidating which is the species in the active site that can act as a base to deprotonate 
the O2’ nucleophilic group. An attempt to transfer the H atom from O2’ to the proSP non-
bridging oxygen atom rendered a barrier too high for being compatible with this 
biological catalytic process, as confirmed with the higher level DFT/MM calculations 
(see below). The presence of the positively charged Mg2+ interacting with the non-
bridging oxygen atom must be impeding this proton transfer. 
An exploration of the active site does not render any evident candidate to act as a base. 
Then, once discarded the G40 and the proSP oxygen atom as acceptors of this proton 
transfer, we supposed that a deprotonated water molecule coordinated to the Mg2+ acts as 
a base, as originally proposed for a reduced model of the hammerhead ribozyme by 
Torres, Lovell and co-workers,[61] and later by Leclerc and Karplus.[62] This is also in 
agreement with the proposal of Bevilacqua and co-workers in the HDV ribozyme [63] 
and more recently, Lilley and co-workers in the twister sister[64]. 
The AM1d/MM PES generated with the O2’-P distance and the anti-symmetric 
combination of distances defining the proton transfer from O2’ to the hydroxyl group 
coordinated to the Mg2+ as distinguished reaction coordinates is presented in Fig. 5, while 
the resulting energy profile is shown in Fig. 6. According to the potential energy surface, 
the proton transfer precedes the nucleophilic attack. This step was confirmed by localizing 
a TS, TS-1, and running an IRC down to the valleys of reactants (R) and an intermediate 
(I) (see black stars in Fig. 5). This result suggests a pre-equilibrium before the 
nucleophilic attack. The activation of the O2’ by the hydrogen bond interaction with the 
N1 atom of G40 has decreased its pKa, thus facilitating its deprotonation, but it also 
decreases its capability to form a new covalent bond with the P atom. The activation of 
the nucleophilic O2’ and the nucleophilic attack take place in a sequential way and not in 
a concerted manner. This proposal is in agreement with previous theoretical simulations 
on Hammerhead,[65] and HDV.[66]  
An optimized structure of the TS-1, displayed in Fig. 7a, shows how the proton is in 
between its donor and acceptor atoms (1.27 and 1.40 Å to the O2’ and the oxygen atom 
of the hydroxyl group, respectively) while the large distance between O2’ and the 
phosphor atom (3.11 Å), together with a short distance of the scissile bond between the 
phosphor atom and the leaving group (P-O5’ distance equal to 1.65 Å), reveal that the 
nucleophilic attack is not taking place concertedly with the proton transfer. Analysis of 
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the coordination sphere of the Mg2+ from reactants to the intermediate (see Table 1) 
provides interesting conclusions. First, it is evident that the coordination sphere is 
qualitatively invariable from reactants to the Int1. Nevertheless, it seems that the Mg2+ is 
displacing towards the two oxygen atoms of the phosphoryl groups of G33 and U35, and 
the oxygen atom of G32 that will act as an acid in the protonation of the O5’ leaving 
group. There is a water molecule that is coupled to the Mg2+ as well as the proRP non-
bridging oxygen atom. The OH- is also following this displacement but, because it is 
being transformed from a hydroxyl to a water molecule, the interatomic distance is 
slightly increasing. A migration of the Mg2+ was also observed in theoretical simulations 
of the Hammerhead ribozyme,[65,67,68] although our calculations do not describe such 
dramatic variation. Interestingly, as observed in Fig. 7a, a water molecule that is 
coordinated to the second Mg2+ cation is interacting with the O6 of G40 which increases 
its acidity, thus increasing the strength of the hydrogen bond interaction with O2’. Also, 
another water molecule coordinated to the same Mg2+ cation was found to interact with 
the proSP oxygen atom, stabilizing the negative charge on this atom. 
 
 
Figure 5. AM1d/MM PES obtained with the antisymmetric combination of interatomic 
distances defining the proton transfer from O2’ to a hydroxyl group coordinated to the 
Mg2+ cation and the O2’ nucleophilic attack to the phosphorous atom. Distances in Å. 
Black dots represent the position of fully optimized structures (minima and saddle point 
of order one) while black stars identify the structures generated along the IRC traced from 





Figure 6. AM1d/MM potential energy profile derived for the exploration of the self 




Figure 7. Detail of the AM1d/MM optimized structures of the (a) TS-1, (b) TS-2a and 
(b) TS-2b. Distances in Å and angles in degrees. 
 
Table 1. Interatomic distances obtained from the AM1d/MM calculations on reactants 
(R), transition state 1 (TS-1), intermediate (Int), TS-2a, TS-2b, and products (P) for the 
coordination sphere of the Mg2+. All distances are in Å. 
 R TS-1 Int TS-2a TS-2b P 
Mg2+ – proRP 2.07 2.08 2.06 2.14 2.17 2.26 
Mg2+ – OH- 2.05 2.18 2.20 2.16 2.19 2.17 
Mg2+ – O2’:G32 2.24 2.16 2.17 2.14 2.15 2.03 
Mg2+ – OP2:G33 2.15 2.14 2.10 2.09 2.11 2.14 
Mg2+ – OP2:U35 2.16 2.10 2.03 2.04 2.02 2.06 
Mg2+ – WAT 2.11 2.11 2.11 2.12 2.12 2.11 
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The structures obtained as intermediates clearly show a long distance between the N3 
atom of G32 and the O5’ atom of the scissile phosphoryl bond. These results, in 
agreement with experimental data,[26] discard the hypothesis of the N3 atom of G32 role 
as the acid to protonate the O5’ leaving group. In contrast, an inspection of the geometry 
of the intermediate obtained after activation of the nucleophile (Int) suggests that the 
hydroxyl group of the sugar ring of G32 does this role. This hydroxyl group, as 
commented above, is in the coordination sphere of the Mg2+, which increases its acid 
character. Thus, the distinguished reaction coordinates employed to generate a PES 
corresponding to the nucleophilic attack and leaving group departure were the anti-
symmetric combination of distances that define the breaking and forming bonds, (O5’-P) 
– (P-O2’), and the anti-symmetric combination of distances that define the proton transfer 
from O2’ of G32 to the O5’, (O2’G32-H) – (H-O5’), as seen in Fig. 8. The resulting 
potential energy profile is shown in Fig. 6. 
 
 
Figure 8. AM1d/MM PES obtained with the anti-symmetric combination of distances 
defining the breaking and forming bonds and the anti-symmetric combination of distances 
defining the proton transfer from O2’ of G32 to the O5’. Black and red dots represent the 
position of fully optimized transition structures TS-2a and TS-2b, respectively, while the 
stars identify the structures generated along the IRCs traced from the optimized transition 
states. Distances in Å and iso-energetic lines in kcal·mol-1. 
 
The PES presented in Fig. 8 shows how the RNA breaking can take place through two 
different concerted mechanisms and, as observed in Fig. 6, both paths have quite similar 
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energy barriers. The reaction path through the TS-2a (black dot in Fig. 8) describes a 
process where the proton transfer would take place after  the nucleophilic attack, while in 
the reaction path through the TS-2b (red dot in Fig. 8), the protonation of the leaving O5’ 
atom would take place before the nucleophilic attack. Details of the optimized structures 
are displayed in Fig. 7b and Fig. 7c, where key distances and the O2’-P-O5’ angle are 
reported. As observed in the geometries, that are in agreement with their position on the 
PES of Fig. 8, TS-2a must be considered as a late-TS from the nucleophilic attack and the 
scissile P-O5’ bond point of view. According to the same criterion, the TS-2b would be 
describing an early-TS. This observation is related to the different values of the hydrogen 
bond distance between the G40 and the O2’. Thus, when the O2’-P bond is in an advanced 
stage of the reaction (TS-2a), the negative charge in O2’ has been reduced and its 
interaction with the HN1 atom of G-40 is weaker (longer HN1-O2’ distance, 2.49 Å). On 
the contrary, when the O2’-P bond is in an early stage of the reaction (TS-2b), the charge 
on O2’ is larger (in absolute value) and the distance is significantly shorter (HN1-O2’ 
distance equal to 1.85 Å). Regarding the proton transfer from G32 to the O5’ leaving 
group, this is in an early stage of the process in the TS-2a while in the TS-2b the proton 
transfer to O5’ atom is more advanced. 
The evolution of the distances that define the coordination sphere of the Mg2+ from the 
intermediate to products, listed in Table 1, supports the conclusions derived from the 
analysis of the first step. Thus, despite the coordination sphere is qualitatively invariant, 
the small variation of some distances confirms the tiny migration of the Mg2+ from its 
interaction with the pro-RP oxygen atom to the O2’ of G32 and the oxygen atom of the 
phosphate group of U35. As discussed above, based on our results and in agreement with 
previous studies in hammerhead ribozyme,[65,67,68] this movement is associated with a 
negative charge migration as the reaction proceeds. Finally, as deduced from the energy 
profiles shown in Fig. 6, the high energy barrier values obtained at the AM1d/MM level 
seems to be overestimated. Then, higher level of theory, M06-2X/MM, was used to 
support that analysis based on geometries of stationary points can be considered as robust. 
M06-2X/MM results. Because several authors have suggested that G40 acts as a 
base,[23,24,28,31,34] we have done an additional effort to explore this possibility based 
on high level M06-2X/MM calculations starting from structures where the coordination 
of the Mg2+ has moved from N7 of G33 to the proRP oxygen of the phosphate. Thus, this 
can be a reactive conformation for the proposed mechanism. Consequently, transition 
state structures were optimized from structures derived from NEB simulations, as 
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described in the Methods section. Thus, the possible role of the unprotonated G40 as the 
base to abstract the proton from O2’ was first explored, localizing a transition state 
structure for this process (see Fig. S2 in the Electronic Supplementary Material). Second, 
a transition state defining the deprotonation of the O2’ by a hydroxyl anion coordinated 
to the Mg2+ was localized (see Fig. 9). And third, a possible concerted process for the O2’ 
nucleophilic attack to the P atom and the P-O5’ bond breaking was confirmed after 
localizing a transition state for the self-assisted mechanism corresponding to the proton 
transfer from O2’ to the proSP non-bridging oxygen, concomitant with the attack to the 
phosphorous atom, was fully optimized (see Fig. S3 in the Electronic Supplementary 
Material). Analysis of the energy profiles obtained at M06-2X/MM shows that first and 
third possibilities can be ruled out ,according to the high energy barriers obtained after 
running the IRC paths to the corresponding reactant state, 26.8 and 63.1 kcal·mol-1, 
respectively; while the proton transfer to the hydroxyl anion coordinated to the Mg2+ 




Figure 9. Transition states structures located at M06-2X/MM level corresponding to  the 
H transfer from O2’ to the hydroxyl group oxygen atom coordinated to the Mg2+ ion. 
Distances in Å and angle in degrees. 
 
The breaking of the P-O5’ bond can be assisted by G32 as an acid to transfer a proton to 
the O5’ atom. The located transition state (see Fig. S5 in the Electronic Supplementary 
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Material) renders nevertheless a high energy barrier (ca. 62 kcal·mol-1). These high level 
optimized structures displayed in Fig. S3 and S5 are qualitatively equivalent to those 
optimized at lower level displayed in Fig. 7a and Fig. 7c which confirms that, despite the 
exploration of the mechanisms based on classical MD simulations and AM1d/MM 
optimizations provide overestimated energy barriers, the geometries can be used for 
reliable analysis.   
Finally, because it has been also suggested that a water molecule coordinated to the Mg2+ 
can act as an acid to protonate O5’, [26, 31, 34] this process has been also explored at 
M06-2X/MM level but any attempt to localize a transition state was unsuccessfully, 




In the present work, a computational study of the reactivity of the pistol ribozyme has 
been carried out by means of classical MD simulations with AMBER and TIP3P 
forcefields for modelling the ribozyme and solvent, respectively, and QM/MM hybrid 
calculations with the QM sub-set of atoms described at semiempirical (AM1d) and DFT 
(M06-2X) level of theory. Different mechanisms for the self-cleavage RNA reaction have 
been explored with special attention to the role of the active site Mg2+ cations. The results 
have been compared to those previously obtained from other ribozymes such as 
hammerhead ribozyme. The study was initiated with a deep insight into the possible 
protonation state of the titratable species in the active site by preparing different models 
and an analysis of the evolution of the geometries along the corresponding unconstraint 
MD trajectories. This is a key step for the following exploration of the mechanism 
because of the uncertainty derived from the previous structural studies in this ribozyme. 
Analysis of the MD simulations was used to test whether G40 and G32 appear in a proper 
position to act as base and acid, respectively, as proposed in previous studies [27,28,34] 
from analysis of X-ray structures.[23,24,31,32] Our results reveal that only the model 
where the protonation of the nucleotide base was according to the canonical state renders 
reactive conformations of the active site. Moreover, it is important to note that the analysis 
of the evolution of the geometries along the MD trajectory shows a change of the inner 
sphere of the Mg2+ cation. In particular, the interaction with N7 of G33 is lost and a new 
interaction is established with the proRP oxygen atom of the phosphate group. This result 
is in contrast with recent experimental and theoretical studies [32,35,36] suggesting that 
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Mg2+ is kept in the inner-sphere of N7 of G33, which means to be in the outer-sphere of 
the proRP oxygen atom.  
All the following attempts to explore different mechanisms based on QM/MM 
simulations are then initiated from this new configuration where the proRP oxygen is 
placed in the inner-sphere of Mg2+. Our results suggest a crucial role to the Mg2+, 
activating a hydroxyl coordinated to the cation to act as a base in the initial step, and 
activating the G32 to act as an acid in the final P-O5’ breaking bond step. Nevertheless, 
it must be pointed out that these conclusions open the door for possible discussions either 
because of the limitations of the classical MD simulations themselves or because of the 
possible source of error derived from the parametrization of the force fields, especially 
the Mg2+ cation. Nevertheless, Leonarski et al.[69] claimed that, in general, the assumed 
assignation of the coordination of Mg2+ to N7 of a guanine is questionable, which makes 
our suggestion of the migration of Mg2+ a feasible alternative mechanism.  
The structural analysis of other ribozymes, in particular the hammerhead, has suggested 
a direct interaction of Mg2+ with oxygen proRP, in contrast to the indirect interaction 
proposed for pistol ribozyme.[23,24,25,31,32,34,36] In the present study we observed a 
direct Mg2+ - proRP oxygen interaction and assign the role of the acid to the O2’ of G32, 
making the proposed mechanism similar to the one suggested for the hammerhead 
ribozyme. Thus, the present study offers a new scenario to interpret the behaviour of the 
pistol ribozyme, but also suggests that more simulations are required to confirm the self-
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